Abstract-The effects of a two-dimensional (2-D) electromagnetic bandgap substrate on the performance of a microstrip patch antenna are investigated. The microstrip patch antenna is placed on a defect in the electromagnetic bandgap substrate that localizes the energy under the antenna. Finite-difference time-domain calculations are employed to determine the effects of the substrate. The excitation frequency of the antenna near the resonance frequency of the defect mode can be used to control the coupling between antennas that are placed in an array.
and finite-difference time-domain (FDTD) analysis of a photonic crystal waveguide [17] . Since, in many applications, EBM has finite size of a few lattice constant or is accompanied by a finite ground plane, from all the above approaches, the FDTD seems to be more advantageous [18] , [19] . This becomes more evident when one has to study the combined behavior of an antenna with an EBM substrate.
For the antenna applications of EBMs, much of the earlier work has been based on integrating simple antenna structures (dipoles, bowties, etc.) with three-dimensional (3-D) EBMs [6] [7] [8] [9] , [20] . The basic idea is that since an antenna placed on a dielectric substrate radiates more efficiently into the dielectric substrate than the air side 1 [21] , one must replace the substrate with an EBM whose forbidden gap encompasses the antenna excitation frequency. In this manner, provided there are no surface modes, the power previously radiated into the substrate will be reflected toward the air side.
Although the above approach has led to somewhat more efficient antennas, the measured antenna responses are not enhancement as originally expected [20] . This is partly because the dispersion in the EBM substrate complicates the simple design equations, and one must take into account both the magnitude and phase of the waves reflected from the EBM substrate, partly because the multiple reflection from the substrate and its interaction with the radiated field must be accounted for. To make the matters more complicated, the location of the feed point of the antenna is also a critical parameter in obtaining a reasonable antenna pattern. It is clear, therefore, that manufacturing an efficient antenna with an EBM substrate is a challenge.
To simplify the work, there are few steps that may be considered. For example, to use the simple design equations, one may characterize the EBM substrate in terms of an effective (or equivalent) index of refraction [22] , with both real and imaginary parts, to take into account both the magnitude and the phase of the reflected waves. Another attempt may be to replace the 3-D EBM substrate used in [6] [7] [8] [9] and [20] with a simpler 2-D electromagnetic bandgap material (2-DEBM) substrate [23] [24] [25] . This is of particular interest in the case of microstrip patch antennas (MPAs) since eliminating the radiation into the substrate (the energy trapped between the two metallic plates) is of no immediate concern, whereas inhibiting the propagation of the surface modes is. Finally, an FDTD method can be used to take into account the multiple reflection, in addition to gaining insight to the problem of electromagnetic wave interactions with the substrate.
MPAs are known for their many desirable physical characteristics such as, low profile, low cost, light weight, easy fabrication, and conformability. They have found applications in communication systems, as well as many other systems that require compact antenna structures [26] . The conventional microstrip antenna is a metallic patch of an arbitrary shape that is placed a certain distance, typically less than 0.01 , where is the wavelength of the electromagnetic radiation, above a metallic ground plane. They are typically excited using a coaxial probe through the ground plane, as shown in Fig. 1(a) , or by a microstrip line in the plane of the antenna [26] .
Because of its resonance nature, the MPA has inherently a narrow bandwidth, limiting its wide spread application. However, there are some techniques that may be used to increase the bandwidth [26] [27] [28] [29] [30] , but they all invariably increase the antenna volume by either increasing the patch size or the substrate thickness. This approach, while in principle can produce bandwidths as high as 20% [27] , greatly reduces the antennas efficiency due to the increased surface wave losses [26] [27] [28] [29] [30] [31] . In other words, the increase in the substrate thickness causes the antenna to more efficiently excite the substrate and surface modes, which in turn removes energy from the main radiation lobe.
To understand the mechanism responsible for the surface waves generation, a ray optics description can be useful. Considering the MPA shown in Fig. 1(a) , the rays within the substrate that are incident on the substrate-air interface with angles greater than the critical angle are internally reflected and are trapped as surface waves [21] . These surface waves may show up as spikes in the antenna pattern [21] , [32] and can dominate the radiated power.
EBM substrate is a simple solution to the problem of surface waves. If an EBM is designed such that the frequencies of the substrate modes fall within the stopband, the excited substrate modes will exponentially decay, hence reducing the energy lost into the substrate and increasing the energy coupled to the radiated field. Yang et al. originally proposed that high-gain antenna structures could be obtained by printing an antenna on a 2-DEBM [24] . In this work, 2-DEBMs are employed as a means of eliminating the substrate and surface modes for patch antennas. In addition, a 2-DEBM antenna structure is fabricated with a defect point in the EBM substrate placed under the patch location. This point defect is used to localize the field within the defect region, hence confining the energy under the patch. The energy confinement leads to a more efficient antenna as well as providing a simpler method of fabrication.
The remainder of the paper is organized as follows. Section II will provide a brief description of the FDTD method and the commercial package used for its implementation. Section III is a description of the experimental setup used to validate the code. Section IV determines the response of the EBM substrate with and without the point defect and the 2-DEBM antenna structure. Section V presents the conclusions.
II. FDTD METHOD
The FDTD code used in this work is XFDTD ® (Version 4.06), which is a commercial code available through Remcom, Inc. 2 The code is based on the standard Yee cell geometry, and the values of the electric and magnetic fields are calculated in consecutive time steps [18] . The utility of the approach is its ability to calculate S-parameters [18] , [33] . In addition, steady-state field plots are obtained to provide physical insight into the problem and the effects of the EBM substrate. The two antennas compared in this work are shown in Fig. 1 (a) and (b). Two sets of simulations are performed. The initial set of simulations is used to validate the code through experimental verification. The second set of simulations is used to compare a conventional patch antenna (without EBM substrate) with one that is integrated with a 2-DEBM. The effects of the EBM substrate with and without the defect is also investigated.
For the initial set of simulations, the patch has a width of 8 mm in the -direction and a length of 4.14 mm in the -direction. A Cartesian coordinate system is employed, and the antenna geometry is broken up into a grid of mm, mm, and mm in a space of 75 50 25 cells. The width of the antenna is 20 cells, and the length of the antenna is 10 cells. The substrate in the FDTD calculation is 1.25 mm thick (thereby occupying five cells in the -direction), with a dielectric constant of 10.2. The antenna is excited on center in the direction and off center in the direction at a point 1.656 mm from the bottom edge of the antenna. The time step is taken to be 0.6294 ps, which is set to the Courant limit for a general 3-D grid [18] . The ground plane is assumed to be infinite in extent. All other boundaries are set to be absorbing (Liao-type).
For the second set of simulations, the size of the FDTD space is increased such that the effects of the 2-DEBM can be studied. The patch has a width of 8 mm in the direction and a length of 4 mm in the direction. The antenna geometry is broken up into a grid of mm, mm, and mm in a space of 120 135 35 cells. The substrate in the FDTD calculations is 1.27 mm thick, thereby occupying three cells in the direction, and has a dielectric constant of 10.2. The time step is taken to be 1.211 ps, which is again set to the Courant limit for a general 3-D grid. The antenna is suspended in the FDTD space ten cells above an absorbing boundary in order to preserve the finite-size effects, and a finite PEC layer is used as a ground plane. All remaining boundary conditions are set to be absorbing (Liao-type).
The antenna is excited with a Gaussian pulse with a width of 121 ps. The coaxial probe excitation of the antenna is shown on Fig. 1(a) . It was found that a thin wire was the best type of excitation suited for obtaining reasonable agreement with the experimental results. For the initial set of simulations, the code was run for 10 000 time steps that took approximately 30 min on a Pentium Pro, 300-MHz machine with 256 MB of RAM. For the second set of simulations, the code ran for approximately 5-8 h on the same machine.
III. EXPERIMENTAL SETUP
Two antennas were built for measurement. They both had dimensions consistent with the simulations and were fabricated on a RT-Duroid 6010 substrate with a dielectric constant of 10.2. The thickness of both substrates was 1.27 mm. The first antenna had a uniform dielectric substrate as shown in Fig. 1(a) , and the second antenna had the 2-DEBM integrated, which was obtained by drilling holes into the substrate as shown in Fig. 1(b) . The EBM substrate had a triangular lattice with lattice constant of 1.38 cm and a hole diameter of 1.27 cm and was originally designed to have a gap at approximately 9 GHz [1] . This gap design is based on an EBM that is infinite in extent in the transverse direction. The antennas return loss ( ) is measured using an HP8510 vector network analyzer.
The network analyzer measurements are compared to the FDTD calculation for the conventional patch antenna. In Fig. 2 , the solid line is measured using the network analyzer, and the line with the markers is the calculated results using XFDTD ® . The calculated results are based on the first set of simulations and are in agreement with the experiment. Antenna pattern measurements and discussions of finite ground-plane effects were investigated using these antennas and can be found in [23] .
IV. EFFECTS OF THE EBM SUBSTRATE
We have chosen to study the effects of the EBM substrate by computing the transmission coefficient ( ) of a microstrip line on the substrate using XFDTD ® . In other words, the microstrips shown in Fig. 3 are excited at one end by a Gaussian pulse, and the transmitted pulse is detected at the other end. Since the fields in a microstrip line are confined in the dielectric between the line and the ground plane [34] , this scheme is ideal to sample Fig. 2 . jS j measured (solid line) using a network analyzer and calculated (line with markers) using FDTD. There is a good agreement between the calculation and the experiment. the EBM substrate periodicity. The top views of the structures under investigation are shown in Fig. 3 . Fig. 3(a) is a horizontally placed microstrip line on a uniform substrate. Fig. 3(b) and (c) are the horizontally and vertically oriented microstrip lines on a 2-DEBM substrate. The frequency range of the stopband can be determined by the computed . Fig. 4 shows the calculated of a microstrip line on a uniform substrate and the calculated of a microstrip line on a 2-DEBM, as indicated. Note that in the case of the 2-DEBM substrate, there is a stopband from 5.5 to 10.5 GHz. This stopband is due to the destructive interference that occurs in the substrate because of the periodic placement of the holes. Using the results presented in [1] , for an infinite 2-D structure, the EBM was designed to have a stopband centered at 9 GHz. However, the FDTD results show that the stopband frequency has been reduced for a finite microstrip structure with a ground plane.
The width and location of the stopband depends on the orientation of the microstrip line. Fig. 5 shows the stopbands as a function of the orientation of the microstrip line for two symmetry points. In Fig. 5 , the horizontal orientation of the microstrip line is shown as the solid line, and the vertical orientation is shown as the dashed line. The stopband for the horizontally oriented line extends from 5.5 to 10.5 GHz. For the vertically oriented microstrip line, the stopband extends from 5.5 to 10 GHz. Note that for an EBM substrate with triangular unit cell, there is a three-fold rotational symmetry. Therefore, for our geometry, a vertical microstrip line is equivalent to a line rotated 30 away from one of the triangle sides. By overlapping the transmission responses of the horizontally and vertically placed lines, one can obtain the dispersion curve as well as determine the location of the "forbidden gap." Returning to the point expressed in the introduction, in order to increase the antenna efficiency by suppressing the surface modes, one must try to excite the MPA at frequencies within the "forbidden gap."
It is well known that introducing a lattice imperfection, which is also known as defect, can produce a localized modes within the "forbidden gap" [1] , [35] . To investigate the effects of a point defect, the same microstrip line as in the previous cases is used, but now, the center hole is filled with a material other than air with dielectric constant of 5.6. The result is shown in Fig. 6 , where for the microstrip line printed on a 2-DEBM with a point defect (dashed line) and without the defect (solid line) is displayed. The point defect creates a peak in the density of states within the "forbidden gap," where previously, no states were allowed, which is shown as a transmission peak depicted in Fig. 6 . Because of the finite size of the crystal, the defect state has a finite bandwidth [35] ; however, its location in frequency or its bandwidth can be tuned by varying the dielectric constant or the size of the defect. Fig. 7 is the response of a microstrip line with a defect with dielectric constant of 10.6 (same as the host). In this case, there are two transmission peaks. For the horizontally oriented microstrip line, the first peak is at 6.8 GHz, and the second is at 9.5 GHz. For the vertically oriented microstrip line, the transmission peaks occur at slightly lower frequencies of 6.4 GHz and at 8.5 GHz. For reference, the arrow indicates the excitation frequency and the resonance of the patch antenna. The nature of the defect modes and their resonance frequencies as a function of direction is currently under investigation. Since defect modes can be used to localize the energy at a point, it is expected that they play a critical role in designing a more efficient MPA. The motivation behind combining the EBM substrate having a defect with a MPA is as follows. As previously mentioned, in order to suppress the surface modes, one must try to excite the antenna at frequencies within the "forbidden gap." At the same time, the presence of a point defect immediately under the patch, as shown in Fig. 1(b) , allows a higher concentration of the electromagnetic energy density within the cavity formed by the patch and the ground plane, which in turn can increase the radiated energy of the antenna. To make this point more clear, consider Fig. 8 , which is a plot of the electric field magnitude (and hence electric energy) in gray scale for the MPA in the vicinity of the defect point. Note that since electric field is largest along the nodal planes of the magnetic field [1] , the above intensity plot is a rough estimate of the total energy density. The antenna excitation and the forward scattering coefficient ( ) for the 2-DEBM substrate were shown in Fig. 7 . From Fig. 7 , it is easy to see that the antenna excitation is tuned to the "horizontal resonance" and away from the "vertical resonance." In other words, we expect that the energy density will be well confined in the horizontal direction and not so completely confined in the vertical direction. It has previously been shown that for a localized state in the middle of the "forbidden gap," the electric and magnetic fields are tightly bounded to the defect with a decaying length in the order of one lattice constant [35] [36] [37] . This length is expected to increase as the localized state moves from the mid-gap toward the continuum. Fig. 8 shows that this seems to be the case for the MPA when the excitation frequency is tuned to the "horizontal defect." On the other hand, since the excitation frequency is away from the "vertical resonance" and yet within the stopband of the 2-DEBM, one expects that the field along the vertical direction also decays exponentially; however, it has a longer decaying length. This is similar to the leakage of the modes in a Fabry-Perot that has been predicted for a 2-DEBM [15] .
Finally, the fact that the antenna leakage can simply be controlled by tuning to or away from a defect resonance line can be used to inhibit or stimulate the coupling between different elements of an MPA array. Therefore, incorporating point defects in a 2-DEBM substrate for MPA also presents itself as a viable approach in designing more efficient antenna arrays. V. CONCLUSION A 2-DEBM was integrated with a conventional rectangular MPA. The properties of this structure and the effects of the substrate were studied using a FDTD code. The initial calculations to verify the code compared favorably with the experiment.
The properties of a 2-DEBM substrate were investigated using a microstrip line. The fields of a conventional microstrip line are confined between the line and the ground plane, hence providing an ideal way of sampling the structure. An EBM substrate was designed with a point defect under the antenna site. The presence of the defect can increase the radiated power due to the energy storage under the antenna.
Finally, conventional design tools for MPA are insufficient to determine the optimal coupling into the antenna. A design tool is currently being developed to optimize the incorporation of the antenna with the 2-DEBM having a point defect.
